Type 2 diabetes mellitus represents 30-50% of the cases of end stage renal disease worldwide. Thus, a correct evaluation of renal function in patients with diabetes is crucial to prevent or ameliorate diabetes-associated kidney disease. The reliability of formulas to estimate renal function is still unclear, in particular, those new equations based on cystatin-C or the combination of creatinine and cystatin-C. We aimed to assess the error of the available formulas to estimate glomerular filtration rate in diabetic patients. We evaluated the error of creatinine and/or cystatin-C based formulas in reflecting real renal function over a wide range of glomerular filtration rate (from advanced chronic kidney disease to hyperfiltration). The error of estimated glomerular filtration rate by any equation was common and wide averaging 30% of real renal function, and larger in patients with measured glomerular filtration rate below 60 mL/min. This led to chronic kidney disease stages misclassification in about 30% of the individuals and failed to detect 25% of the cases with hyperfiltration. Cystatin-C based formulas did not outperform creatinine based equations, and the reliability of more modern algorithms proved to be as poor as older equations. Formulas failed in reflecting renal function in type 2 diabetes mellitus. Caution is needed with the use of these formulas in patients with diabetes, a population at high risk for kidney disease. Whenever possible, the use of a gold standard method to measure renal function is recommended.
Introduction
Type 2 diabetes is a major health problem affecting 8.5% of the world population http://apps.who. int/iris/bitstream/10665/204871/1/9789241565257_eng.pdf?ua=1 (accessed 12 June 2019), and consuming about 1.8% of the global domestic product [1] . In the US and in Europe, type 2 diabetes accounts for 30% to 50% of the cases of end stage renal disease https://www.renalreg.org/reports/2017-twentiethannual-report (accessed 12 June 2019) [2] . Importantly, this prevalence did not change in the last 20 years, despite new therapies and intensive care of diabetic patients [3] . This makes the study of diabetic-related renal disease an important issue in clinical medicine and nephrology.
In clinical practice, renal function is evaluated by formulas that provide estimations of glomerular filtration rate (GFR). These formulas are mathematical algorithms based on endogenous markers like serum creatinine or cystatin-C, and other variables such as weight, height, and gender. More than 60 equations have been developed in the last 60 years. However, the capacity of formulas to reflect real renal function is a matter of debate. Different studies in type 2 diabetes have evaluated the agreement between estimated GFR and measured GFR showing contradictory results [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Some publications support the use of formulas [4, 6, 8] , whereas other studies reported an unacceptable wide error [5, 7, [11] [12] [13] 15 ]. However, not all the formulas have been tested, in particular, the most recent cystatin-C-based equations. Whether these new algorithms outperform the traditional formulas based on the creatinine in type 2 diabetes is unclear [8, 10, 11] . Thus, the utility of eGFR in type 2 diabetes is still unclear, in particular, those new equations based on cystatin-C or the combination of creatinine and cystatin-C. Whether formulas are reliable or not is a relevant issue, since errors in the estimation of GFR may limit the evaluation of renal function in single patients or jeopardize the evaluation of positive effects of new therapies aimed at preventing renal function loss in this population.
The present work aimed to study the agreement of a broad group of creatinine and/or cystatin-C based formulas with real renal function in a large population of diabetic patients over a wide range of GFR (from advanced chronic kidney disease (CKD) to hyperfiltration).
Methods

Patients
We performed a cross-sectional study of 475 adults (>18 years) with type 2 diabetes attending the outpatient clinics of the Nephrology and Endocrinology departments at the Hospital Universitario de Canarias (HUC), in whom we performed the plasma clearance of iohexol from 2012 to February 2018. All patients signed an informed consent form, and the study was approved by the Ethics Committee of the HUC.
Measured GFR
GFR was determined by the plasma clearance of iohexol as shown previously [16, 17] . In brief, on the morning of the study, 5 mL of iohexol (Omnipaque 300, GE-Healthcare, Chicago, IL, USA) were injected intravenously for 2 min. Afterwards, venous or capillary blood was obtained by finger prick at 2, 3, 4, 5, 6, 7, and 8 h for patients with eGFR ≤40 mL/min; or at 2, 2.5, 3, 3.5, and 4 h for those with eGFR >40 mL/min. The concentrations of iohexol were determined in plasma or dried blood spot (DBS) testing [16, 17] . DBS testing can be considered interchangeable with plasma analysis [17] .
Estimated GFR by Formulas
Simultaneously to the plasma clearance of iohexol, serum creatinine and cystatin C were determined to calculate eGFR. All the studied formulas are shown in: www.ecihucan.es/lfr/apps/ documents/egfr_formulas_v2019feb.pdf (accessed 12 June 2019).
The agreement between formulas and measured GFR was evaluated with the formulas adjusted and unadjusted for body surface area (BSA). When estimated GFR was already adjusted we reversed the adjustment of the result by applying the following formula (GFR adjusted = GFR unadjusted/BSA × 1.73). On the other hand, when estimated GFR was unadjusted, we adjusted the result by applying the formula (GFR unadjusted = GFR adjusted × BSA/1.73). BSA was calculated by Du-Bois and Du-Bois formula [18] .
Biochemistry
Creatinine (mg/dL) was measured by enzymatic assay (IDMS-traceable creatinine) using the cobas c711 module (Roche Diagnostics). Cystatin C (mg/L) was measured by immunonephelometry (BN II System-Siemens Healthcare Diagnostics) calibrated with ERM-DA471/IFCC.
Statistical Analysis
Agreement between eGFR and mGFR
The agreement between estimated and measured GFR was assessed by specific statistics for continuous data, including the concordance correlation coefficient (CCC), total deviation index (TDI), coverage probability (CP) [19] [20] [21] , and Bland-Altman limits of agreement (LA) [22] . The CCC varies from 0 to 1 and combines meaningful components of accuracy and precision. A CCC >0.90 reflects optimal concordance between measurements. The TDI captures a large proportion of data within a boundary for allowed differences between 2 measurements. Empirical TDI was calculated for a theoretical TDI of 10% and a CP of 90%. We defined a priori that acceptable bias between eGFR and mGFR should be at least 10%, and that 90% of the estimations should be included within these limits. This is based on previous reports and the reproducibility of measured GFR considering different methods [15] . Coverage probability varies from 0 to 1 and estimates whether a given TDI is less than a prespecified fixed percentage. Bland-Altman plots show the relationship between the difference between target and observed measurements and the mean of both [22] . The smaller the limits of agreements are, the higher the degree of agreement between measurements.
Error in the Classification of CKD Stages
The patients were classified in CKD stages according to the K/DOQI guidelines [23] . The agreement between the classification in CKD stages based on mGFR or eGFR (for a representative number of 11 formulas) were analyzed. True Positive Cases represented the individuals correctly classified by the estimated GFR in the CKD stage defined by measured GFR; False Positive Cases represented the subjects incorrectly classified by a formula in a given stage defined by measured GFR; and (c) Missing Cases represented the patients that were misclassified in a higher or lower stage of CKD. True positive and false positive cases represented 100% of the cases defined by a formula in a stage of CKD, and true positive and missing cases represented 100% of the cases defined by measured GFR in a stage of CKD.
Accuracy of Estimated GFR with Measured GFR
Finally, for comparability with other studies, we assessed the accuracy of each formula as the proportion of eGFR results within 10% (P10) and 30% (P30) of mGFR.
For agreement analyses, we designed and implemented a software (AGP Agreement Program v1.0 IGEKO, SP) available at: www.ecihucan.es/lfr/apps/?dir=agreement_installer (accessed 12 June 2019).
In addition, we used SPSS Statistics for Windows, version 17.0 (SPSS Inc., Chicago, IL, USA), and MedCalc Statistical Software version 13.0.2 (MedCalc Software bvba, Ostend, Belgium).
Results
Patients
About 70% of the patients were male, age averaged 63.3 ± 11.2 years ( Table 1 ). Body mass index (BMI) averaged 29.7 ± 6.8 kg/m 2 . Median proteinuria was 426.1 (1511.7) mg/24 h. Measured GFR unadjusted by BSA averaged 57.1 ± 36.3 mL/min (8.5 to 180.5 mL/min), whereas mGFR adjusted by BSA averaged 51 ± 31.3 mL/min/1.73 m 2 (8.6 to 150.7 mL/min/1.73 m 2 ) ( Table 1) . Based on measured GFR unadjusted by BSA, 86 subjects (18%) were classified in CKD-1; 94 (20%) in CKD-2; 156 (33%) in CKD-3; 116 (24%) in CKD-4 and 23 (5%) in CKD-5 (Table 1) .
Agreement between Measured GFR and Estimated GFR
Creatinine Based Formulas
TDI averaged 75%, ranging from 52% to 144% for the Lund-1 and Mogensen equations respectively ( Table 2) . For example, the aMDRD formula had a TDI of 58%, meaning that 90% of estimations erred from −58 to 58% of measured GFR. A similar TDI was observed for broadly used formulas like the CKD-EPI (58%), MCQ (77%) and Cockcroft-Gault (70%), or more recent ones like Lund-Malmö (Rv) (55%). CCC averaged 0.87, reflecting moderate precision and accuracy, ranging from 0.75 to 0.92, for the Mogensen and Lund-Malmö (Rv) equations, respectively (Table 2) . Finally, CP averaged 20, indicating that more than 80% of the estimations had an error greater than ± 10% ( Table 2) . Bland and Altman's plots showed wide limits of agreement, averaging from +30 to −45 mL/min, which indicates very poor agreement between estimated and measured GFR (Supplementary Figure S1 ). Table 2 . Analysis of agreement between estimated glomerular filtration rate (GFR) using creatinineand cystatin C-based formulas and measured GFR using plasma clearance of iohexol for the overall population of the study. 
Formula
Cystatin-C Based Formulas
Cystatin-C was available in the 390 of 475 patients. TDI averaged 65%, ranging from 46% to 118% for the Stevens-2 and Perkins equations respectively ( Table 2 ). For example, the Rule formula had a TDI of 60%, indicating that 90% of the estimations erred from −60% to 60% of measured GFR. A similar TDI was observed for other formulas like CKD-EPI cystatin-C (51%) or Rule cystatin-C (60%). CCC averaged 0.89, reflecting moderate precision and accuracy, ranging from 0.74 to 0.92, for Stevens-2 and CKD-EPI equations ( Table 2 ). Finally, CP averaged 25, indicating that more than 75% of the estimations had an error greater than ± 10% of measured GFR ( Table 2) . Bland and Altman's plots showed wide limits of agreement, averaging from +25 to −25 mL/min, which indicates poor agreement between eGFR and mGFR (Supplementary Figure S1) 
Creatinine and Cystatin-C Based Formulas
TDI averaged 55%, ranging from 43% to 78% for the Stevens and full age spectrum (FAS) equations respectively ( Table 2 ). For example, the CKD-EPI formula had a TDI of 45%, and thus, 90% of the estimations erred from −45% to +45% of measured GFR. A similar TDI was observed for other equations like: Ma (54%), Stevens (44%), and FAS combi (78%). CCC averaged 0.91, reflecting a moderate level of precision and accuracy, ranging from 0.85 to 0.95, for the FAS and Stevens equations, respectively ( Table 2 ). Finally, CP averaged 25%, indicating that more than 75% of the estimations had an error greater than ± 10% of measured GFR ( Table 2) . Bland and Altman's plots showed wide limits of agreement, averaging from +20 to −30 mL/min, which indicates low agreement between estimated and measured GFR (Supplementary Figure S1) Similar results were observed in the analysis of agreement between estimated and measured GFR using data adjusted by BSA ( Supplementary Figure S1 ). Moreover, no major differences were observed in the agreement between estimated and measured GFR for a given formula, with or without BSA adjustment ( Table 2 and Supplementary Table S1 ).
Subgroups of GFR
The error of formulas, either creatinine and/or cystatin-C based, was larger in patients with measured GFR <60 mL/min than in those with higher GFR ( Supplementary Table S2 ). For example, the CKD-EPI creatinine-based formula showed a TDI of 70% in patients with measured GFR <60 mL/min, whereas the TDI was 48% in patients with GFR ranging from 60 to 90 mL/min and 24% for those individuals with measured GFR values >90 mL/min. Similar results were observed for the other formulas equations ( Supplementary Table S2 ).
The Error in the CKD Classification
In general, one patient out of three was incorrectly classified either in lower or higher CKD stages. For example, for patients in CKD stage 3, false positive cases averaged 30%, true positive about 55%, and missing cases 45%. In this stage, the CKD-EPI creatinine-based formula incorrectly classified 27% of the patients (false positive cases); the CKD-EPI cystatin-C-based equation correctly classified 59% of the individuals (true positive) and the CKD-EPI creatinine and cystatin-C-based algorithm misclassified 47 of the subjects in a higher or lower stage of CKD (missing cases) (Supplementary Figure S2 ).
Hyperfiltering Patients
For unadjusted GFR values by BSA, hyperfiltration (GFR > 120 mL/min) was observed in 37 patients (8%). Equations failed to detect hyperfiltration in about 20% of the cases ( Supplementary  Table S1 ). For adjusted GFR values by BSA, hyperfiltration (GFR > 120 mL/min) was observed in 13 patients (2.7%). Formulas failed to detect hyperfiltration in about 60% of the subjects ( Supplementary  Table S3 ). Table 3 illustrates the error of estimated GFR through a wide range of measured GFR (8.5 to 180.6 mL/min). The cases were selected in pairs of similar measured GFR to show that the error of estimated GFR occurs at random. 2  17  26  24  22  23  23  35  25  28  25  23  3  27  22  16  15  15  25  37  27  24  21  20  4  28  34  31  33  33  30  43  35  38  34  33  5  48  57  56  63  55  41  57  44  59  52 Cases 1 and 2 had measured GFR of 17 mL/min and almost all the formulas underestimated (case 1) or overestimated real GFR (case 2). In addition, the same equations could either be overestimated or underestimated GFR for a similar measured GFR. For cases 9 and 10 (measured GFR of 100 mL/min), creatinine based formulas underestimated (case 9) and overestimated true GFR (case 10), whereas cystatin-C based equations showed opposite results. This determined an erroneous classification in a higher or lower CKD stage for cases 7 and 8 (mGFR = 67-68 mL/min; CKD stage 2), but all the formulas classified case 7 as CKD 3, whereas case 8 was defined as CKD 1 (GFR >90 mL/min) only for creatinine-based equations ( Table 3) . Figure 1 represents the bias of the three CKD-EPI equations (creatinine and/or cystatin-C based) for those patients with measured GFR of 30 mL/min (Figure 1, left) , 60 mL/min (Figure 1, middle) , and 90 mL/min (Figure 1, right) . Formulas tended to underestimate mGFR of 30 mL/min (Figure 1, left) , either over and underestimated mGFR of 60 mL/min (Figure 1, middle) , and mainly overestimated mGFR of 90 mL/min (Figure 1, right) . Some estimations showed extreme variability: For a true GFR of 30 mL/min (Figure 1 , left) estimated GFR could be 61 mL/min (CKD-EPI creatinine), 71 mL/min (CKD-EPI cystatin-C), or 65 mL/min (CKD-EPI creatinine and cystatin-C); for mGFR of 60 mL/min (Figure 1, middle) , estimated GFR could be 39 (CKD-EPI cystatin-C) or about 110 mL/min for the three CKD-EPI algorithms; for measured GFR of 90 mL/min (right), eGFR could be 66 mL/min or about 120 mL/min for the CKD-EPI equations. 
Examples of Under or Overestimation of GFR
Accuracy of Estimated GFR with Measured GFR
The proportion of estimated GFR results within 10% (P10) of measured GFR values (mL/min) were 23.7%, 28.7%, and 31.3% for creatinine, cystatin-C and creatinine, and cystatin-C based formulas, respectively. These percentages were 61.2%, 69.7%, and 73.2% respectively, for the proportion of eGFR results within 30% of mGFR values (P30) ( Supplementary Table S4 ). Similar results were observed for mGFR values adjusted by BSA (mL/min/1.73 m 2 ) ( Supplementary Table  S5 ). An error larger than ± 10% was particularly frequent in subjects with proven renal disease.
Discussion
We observed that the error of estimated GFR in type 2 diabetes by any equation based on creatinine and/or cystatin-C (1) was common and wide, (2) averaged 40% of real renal function, (3) was larger in patients with measured GFR below 60 mL/min compared to those above this level, and (4) lead to extreme variations between estimated and measured GFR. In addition, ~30% of the individuals were misclassified in CKD stages, and 25% of those with hyperfiltration were not diagnosed. Finally, the error was at random, since for a similar value of measured GFR in different patients, the same formula provided estimations that either over or underestimated measured GFR.
To evaluate the error of estimated GFR in type 2 diabetes, we analyzed a representative group of patients with a wide range of renal function, from 8.5 to 180.6 mL/min, normo, micro, and macroalbuminuria, with or without diabetic nephropathy, including renal transplanted patients. In addition, GFR was estimated with 61 formulas based on creatinine and/or cystatin-C, including old and more recent equations.
Our major finding was that estimated GFR calculated by any formula proved to be unreliable in type 2 diabetes. The error of the formulas was extremely large, with 90% of the estimations showing an error of about ± 30% of real GFR, as reflected both by large TDIs and wide limits of agreement (Table 2 and Supplementary Table S1 ). Moreover, in the remaining 10% of the cases, the error was even larger. For example, case 3 of Table 3 showed estimated GFR values of about 15 mL/min based 
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Discussion
We observed that the error of estimated GFR in type 2 diabetes by any equation based on creatinine and/or cystatin-C (1) was common and wide, (2) averaged 40% of real renal function, (3) was larger in patients with measured GFR below 60 mL/min compared to those above this level, and (4) lead to extreme variations between estimated and measured GFR. In addition,~30% of the individuals were misclassified in CKD stages, and 25% of those with hyperfiltration were not diagnosed. Finally, the error was at random, since for a similar value of measured GFR in different patients, the same formula provided estimations that either over or underestimated measured GFR.
Our major finding was that estimated GFR calculated by any formula proved to be unreliable in type 2 diabetes. The error of the formulas was extremely large, with 90% of the estimations showing an error of about ± 30% of real GFR, as reflected both by large TDIs and wide limits of agreement (Table 2 and Supplementary Table S1 ). Moreover, in the remaining 10% of the cases, the error was even larger. For example, case 3 of Table 3 showed estimated GFR values of about 15 mL/min based on aMDRD, Mayo Clinic Quadratic (MCQ), and CKD-EPI equations, whereas measured GFR was 27 mL/min (45% of underestimation) (Table 3) . Similarly, case 7 showed mGFR value of 67 mL/min, while CKD-EPI formulas based on creatinine and/or cystatin-C estimated GFR with values about 45 mL/min (33% of underestimation) ( Table 3) .
The clinical consequences of this error are relevant. Over and underestimation of measured GFR were particularly frequent ( Table 3 and Figure 1 ), a fact that limits the evaluation of renal function. Moreover, the error of estimated GFR was at random, since in those subjects with similar measured GFR, the formulas gave opposite values of renal function. For example, cases 5 and 6 had a similar mGFR value of about 48 mL/min, whereas CKD-EPI formula overestimated GFR of 55 mL/min for case 5, and underestimated GFR of 28 mL/min for case 6. The misclassification of subjects in CKD stages was common, with one third of the patients incorrectly classified in lower or higher stages. For example, case 4 showed mGFR of 28 mL/min corresponding to CKD stage 4, whereas almost all the analyzed formulas classified this case as CKD stage 3 (Table 3) . Conversely, case 6 had mGFR of 49 mL/min, defined as CKD stage 3, whereas some creatinine based formulas classified this case as CKD stage 4 ( Table 3 ). Finally, hyperfiltration, an early marker of diabetic nephropathy, was undetected by formulas in about 20% of the cases ( Supplementary Table S3 ).
The causes of the failure of formulas are not completely understood. Formulas are mathematical algorithms mainly based on endogenous (creatinine and cystatin-c), and other variables like age, weight, and gender. However, these markers have limitations in reflecting real GFR [15] . Tubular secretion of creatinine increases proportionally to the decrease in GFR, leading to a false overestimation of renal function [24] . In addition, creatinine can be metabolized or excreted via extra-renal routes, particularly in the gastrointestinal tract by gut flora, which may contribute to the overestimation of GFR [25] . Finally, muscle mass and protein intake may influence the levels of creatinine. Reduced muscle mass leads to lower production of creatinine and thus overestimation of GFR [26] . Increased muscular mass or muscle consumption may determine a rise in serum creatinine and, therefore, an underestimation of GFR. Dietary protein deficiency leads to reduced availability of the creatine precursors like arginine and glycine which may contribute overestimation of renal function [27] .
High levels of cystatin-C are associated with age, male, gender, black race, weight, height, cigarette smoking, and subclinical inflammation, central adiposity, diabetes, and metabolic syndrome [28] . In fact, high cystatin-C predicts the appearance of diabetes. Thus, high levels of cystatin-C levels may indicate the clinical situations listed above and not necessarily reduced renal function.
Some equations are more used than others and deserve an especial consideration. The MDRD equation was developed in patients with CKD, thus, its performance is expected to be better in this population. However, this equation showed a comparable TDI with respect to other equations developed in a population with the whole spectrum of GFR like CKD-EPI formulas [12] . Similar results were reported in other studies [15] , reflecting that the MDRD equation does not outperform other equations not designed in patients with GFR <60 mL/min. On the other hand, more modern equations were developed in populations covering a wide range of renal function, from advanced CKD (GFR < 15 mL/min) to normal GFR (GFR >90 mL/min) in subjects with or without renal disease [15] . Nevertheless, the agreement between these equations and mGFR proved to be as poor as older equations such as Effersoe or Cockcroft-Gault. In fact, the Effersöe formula from 1957, performed similarly (TDI = 61%) as the more recent equations such as CKD-EPI creatinine based (TDI = 58%) or full age spectrum (FAS) algorithms (TDI >75%) ( Table 2 ). This lack of improvement was reported in other studies [15] .
On the other hand, MacIsaac and Perkins were developed in patients with type 2 diabetes and, therefore, its performance should be more reliable in this group. However, these algorithms did not show better accuracy and precision than other equations not developed in type 2 diabetes (Table 2) . Thus, the fact that a formula has been developed in a specific clinical condition seems not to have an impact on the reliability of estimated GFR.
The utility of estimated GFR is a matter of debate. Several studies have evaluated the reliability of formulas based on creatinine and/or cystatin-C in patients with diabetes [15] . Interestingly, formulas failed more frequently in subjects with renal disease ( Supplementary Table S6 ), a population in which a reliable evaluation of GFR is particularly needed. Our study is in line with previous reports. Gaspari et al. evaluated a group of 15 creatinine-based formulas in 600 patients with type 2 diabetes and showed very low concordance with measured GFR (CCC < 0.52; TDI average ± 50%) [13] . Illadis et al. observed that 20%-80% of estimated GFR based on creatinine and cystatin-C showed an error >30% of real renal function [11] . Similarly, Rossing et al. observed wide limits of agreement between estimated GFR and measured GFR for renal function at baseline and changes over time in diabetic patients with microalbuminuria and proteinuria [5] .
This study has strengths and limitations. To the best of our knowledge, this is the first study that evaluated all the available creatinine and/or cystatin-C based formulas in type 2 diabetes. In addition, we used modern and potent statistical tools such as the agreement method proposed by Lin et al. [19] [20] [21] to evaluate the reliability of these equations. Our population was entirely Caucasian and, therefore, we cannot extrapolate the results to other populations like African Americans or Asians populations.
Conclusions
Formulas failed in reflecting properly the renal function in patients with type 2 diabetes. Caution is needed with the use of these formulas in clinical practice in patients with diabetes, a population at high risk for kidney disease. Whenever possible, the use of a gold standard method to measure real renal function is recommended.
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